Abstract-A laser 2-focus velocimeter (L2F) has been applied for measurements of velocity and size of droplets in the dense region of diesel fuel spray under the atmospheric pressure condition. The fuel mass distribution in the spray obtained by the measurement was compared with the one simulated by using 3D-CFD code KIVA-3V. The radial velocity of spray droplets near the injector nozzle in the KIVA-3V code was changed to reproduce the measured fuel mass distribution. The combustion simulations of tetradecane (C 14 H 30 ) and Et20, which consists of 80% tetradecane and 20% ethanol by mass, were conducted by using both original and modified KIVA-3V codes. It was found that the simulation results of heat release rate and ignition delay period remained almost unchanged even though the mass distribution was changed. However, the predicted amount of soot formation simulated by using original KIVA-3V code was different from that simulated by using modified KIVA-3V code in both of tetradecane and Et20 combustion simulations.
INTRODUCTION
Reduction of carbon dioxide emission has been strongly required for suppression of global warming. Utilization of bioethanol as the fuel for diesel engines which has a high thermal efficiency is one of the effective measures for meeting the requirement, because bio-ethanol is a carbon neutral fuel. Thus, various study on using ethanol as diesel fuel have been conducted [1] [2] [3] [4] [5] [6] . The diesel engine has the problem of exhaust emissions such as nitrogen oxides (NOx) and particulate matter (PM). Very low emission can be achieved by improving combustion and passing the exhaust gas through after treatment devices. However, extra fuel is required for activating the catalyst in after treatment devices. Therefore, it is necessary to achieve lower emission by further improvement of combustion. Spatial distribution of fuel vapor and air is non-uniform during diesel combustion. This is one of reasons to make it difficult to reduce PM and NOx simultaneously in the diesel combustion. Highly dispersed spray has been studied [7] [8] for enhancing fuel-air mixing. It is difficult to obtain any information of spray droplets near the nozzle hole exit because droplets are highly concentrated. Thus, the effect of fuel mass distribution on combustion is unclear. In this study, a laser 2-focus velocimeter (L2F) [9] has been applied for measurements of spray droplets in order to clarify the mass distribution in the diesel spray. The L2F can measure the velocity and size of droplets simultaneously even in the dense region of diesel fuel spray, because the L2F has a micro scale probe. The fuel mass distribution obtained by the L2F measurements was compared with the result simulated by using a computer code named KIVA-3V [10] [11] for 3D-CFD (3 dimensional Computational Fluid Dynamics). The radial velocity of spray droplets near the injector nozzle in the original KIVA-3V code was changed to reproduce the measured fuel mass distribution. Combustion simulations of tetradecane and Et20, which consists of 80% tetradecane and 20% ethanol by mass, were conducted by using the original and modified KIVA-3V codes. The effects of the mass distribution on combustion of tetradecane and Et20 are clarified by comparing the heat release rate, ignition delay period and the predicted amount of soot existing for the duration of combustion.
II. EXPERIMENTAL SETUP
The measurement probe of the L2F consists of highly concentrated two foci as shown in Fig. 1 . The focus size F = 3 μm, the length of the focus L = 20 μm, and the distance between two foci S = 17 μm. The flight-time t 1 and the scattering-time t 2 were measured by the clock signal with a frequency of 480 MHz. The droplet velocity was calculated by
Based on the relation that the ratio of t 1 and t 2 corresponds to the ratio of S and (dp + F), the droplet size was estimated by dp = u * t 2 -F .
Fig . 2 shows the system of spray measurement by L2F. Diesel fuel (JIS#2) was intermittently injected into the atmosphere by the common rail system. The rail pressure was set at 80 MPa. The injector nozzle diameter was 0.113 mm. The distance z from nozzle exit was taken in the direction of the spray axis, and the x-axis is perpendicular to a plane formed by the laser beam axis and spray axis. Measurements were conducted in the plane perpendicular to the z-axis; z = 9 mm, and the x-coordinates of measurement positions are x = ±0.1, ±0.3, ±0.5, ±0.7, ±0.9, ±1.1, ±1.3. The number of data measured by L2F was set 10,000 at each measurement position. The soot formation model of Hiroyasu [12] and the soot oxidation model of Nagle-Strickland-Constable [13] were adopted for predicting soot emission. These models were written in the Arrhenius single step form. The rate of change of soot mass during the period of combustion equals the soot formation rate minus the soot oxidation rate.
The soot formation rate is given by
where A f = 750, M fv is the fuel vapor mass, P is the pressure, and E f = 12,500 cal/mole. The soot oxidation rate is given by
where M wc is the carbon molecular weight (12 g/mole), ρ s is the soot density (2 g/cm 3 ), D s is the soot diameter (3x10 -6 cm), M s is the soot mass. R Total is the net reaction rate [14] . In the case of calculation for ethanol blend fuel, in order to represent low sooting nature of ethanol, Equation (4) is improved as follow;
TSI mix = TSI gasoil X tet + TSI ethanol X ethanol .
where TSI is the Threshold Sooting Index proposed by Calcote and Manos [15] . TSI gasoil = 31.23, TSI ethanol =2.02 [16] . TSI mix is for the blend fuel. X tet and X ethanol are the molecular fraction of tetradecane and ethanol vapor included in each computational cell respectively. Fig. 3 shows the grid used for the numerical simulations of processes from the disintegration to the combustion of spray droplets. The number of nodes was 30-60-100 in r-θ-z coordinates. Fuel was tetradecane (C 14 H 30 ) and ethanol (C 2 H 5 OH). The number of parcel was 10,000. The Sauter mean size at the nozzle exit was set at the same as the nozzle hole diameter. The nozzle hole diameter was 0.113 mm in the case of the L2F measurement. The nozzle diameter was 0.29 mm in the case of combustion, because this size is practical for combustion of ethanol blend fuel in the diesel engine. The ambient pressure and temperature for the simulations of disintegration process were set at 0.1 MPa and 300 K respectively. In the case of combustion simulation, the ambient pressure and temperature are 5.07 MPa and 900 K respectively, and these are typical values at top dead center in the combustion chamber of a conventional diesel engine. Circles denote the result obtained by L2F measurements. The broken line denotes the result simulated by using the original KIVA-3V code and the solid line denotes the result simulated by using the KIVA-3V code modified to reproduce the mass distribution measured by the L2F. In the modified KIVA-3V code, the injection velocity in the direction perpendicular to spray axis was changed. The original KIVA-3V code overestimated the mass at spray axis. The mass distribution simulated by using modified KIVA-3V code corresponds well with the mass distribution by the L2F measurement. Then, the combustion simulations of tetradecane and Et20 were conducted by using both original and modified KIVA-3V codes. Fig. 5 shows simulation results of heat release rate dQ/dt. The broken and solid lines denote results simulated by using the original and the modified code respectively, and black line and gray line denote tetradecane and Et20 respectively. The ignition delay period and heat release rate by the original code are almost the same as these by the modified code even though the mass distribution is changed. Fig. 6 shows the soot mass existing in the duration of combustion. The black solid and broken lines denote the simulation results of tetradecane combustion and the gray solid and broken ones denote the simulation results of Et20 combustion. In the case of Et20 combustion, the time when soot began to appear was later and the maximum value of the soot mass was smaller. These differences happened by blending fuel with ethanol is attributed to the promotion of premixing fuel and air due to longer ignition delay and the low sooting nature of ethanol. It should be also noticed that the maximum values of the soot mass simulated by using modified KIVA-3V code were smaller than these simulated by using original KIVA-3V code in both tetradecane and Et20 combustion. These may be attributed to decrease in fuel with high equivalence ratio due to change in internal structure of spray. In the following part of this paper, the change of equivalence ratio over time and the spatial distribution of equivalence ratio were investigated in detail. Figs. 7, 8 and 9 show the relation between the exhaust emissions formed by the fuel combustion and the combustion conditions. The exhaust emissions, the amounts of soot and NOx formed, are drawn as contours in the plane of the equivalence ratio φ and the temperature T (φ -T map [17] ). It is understood by this φ -T map, that the soot is formed under the temperature range between 1400 and 2200 K and the equivalence ratio higher than 2.5. It is also understood that the amount of NOx is large under the temperature higher than 2200 K and the equivalence ratio lower than 1. Circles in Figs. 7, 8 and 9 show the correlation between the equivalence ratio φ and temperature T of each computational cell for the case of Et20 at 1.2, 1.6 and 2.0ms after the start of injection respectively.
The number of circles exiting in soot formation region on the φ -T map increased over time (i.e. the amount of soot formation increased). Fig. 10 shows the change in fuel quantity existing in the entire soot formation region with the time elapsed from the start of injection. The entire soot formation region is defined by the region of φ > 2.5, 1400 < T < 2200 K in the φ -T map. As shown in Fig. 10 , the fuel quantity existing in the entire soot region of the Et20 case is smaller than that of the tetradecane case. In the case of tetradecane combustion, the fuel quantity existing in the entire soot formation region changed significantly when the mass distribution was changed. On the other hand, Et20 did not so. The higher ratio of fuel with high equivalence ratio is, the more soot may be formed even though the fuel quantity existing in the entire soot formation region is almost the same. Fig. 11 and 12 show the probability density distributions of equivalence ratio φ of tetradecane and Et20 existing in the entire soot formation region respectively. These are distributions at the time when differences between the soot mass simulated by using original KIVA-3V code and that simulated by using modified KIVA-3V code have begun to occur (1.8ms after stat of injection for tetradecane, 3.0ms for Et20). As shown fig. 11 , in the case of tetradecane combustion, the probability density of equivalence ratio simulated by using original code was larger than that simulated by using modified code above the equivalence ratio of 18. On the other hand, as shown fig. 12 , in the case of Et20 combustion, the probability density of equivalence ratio simulated by using original code was much larger than that simulated by using modified code in the equivalence ratio range between 14 and 20. As mentioned above, in the case of using original code, the probability densities of the equivalence ratio of fuel existing in the entire soot formation region on the φ -T map were higher in both tetradecane and Et20. Thus, the amount of soot mass simulated by using original code was larger in both fuels.
Figs. 13(a) and (b) show the correlations between equivalence ratio φ in each computational cell and its distance from spray axis in tetradecane combustion. The correlations in (a) and (b) were results simulated by using original and modified codes respectively. These figures show states at 1.8ms after the start of injection. In the case of using original code, computational cells with the equivalence ratio above 18 were concentrated near the spray axis. On the other hand, in the case of using modified code, fuel was highly dispersed and there were smaller cells with equivalence ratio above 18 near the spray axis. Figs. 14(a) and (b) show the correlations between equivalence ratio φ in each cells and its distance from spray axis in Et20 combustion. The correlations of (a) and (b) were results simulated by using original and modified codes respectively. These figures show states at 3.0ms after the start of injection. In the case of using original code, cells with equivalence ratio in the range between 14 and 20 were concentrated near the spray axis. On the other hand, in the case of using modified code, cells with high equivalence ratio exist near the spray axis. However, the peak of equivalence ratio was changed from 16 in the case of using original code to 12.
V. CONCLUSIONS
A laser 2-focus velocimeter (L2F) has been applied for measurements of velocity and size of droplets in the dense region of diesel spray and the spatial mass distribution in the plane; z = 9 mm from nozzle tip was investigated. Numerical simulation of atomization process was conducted by using the 3D-CFD code KIVA-3V. The simulation result was compared with the mass distribution measured by the L2F, and KIVA-3V code was modified to reproduce the L2F measurement results. Tetradecane and Et20, which consists of 80% tetradecane and 20% ethanol, were used as the fuels for combustion simulations. The effects of mass distribution on combustion of both fuels were investigated in detail. The concluding remarks are as follows;
(1) Comparing the mass distribution simulated by using original KIVA-3V code with that obtained by L2F measurement, the mass at spray axis was considerably overestimated.
(2) The simulation results of heat release rate and ignition delay by the original code were almost the same as these by the modified code even though the mass distribution was changed. However, the amount of soot mass existing for the duration of combustion simulated by using original KIVA-3V code was different from that simulated by using modified KIVA-3V code in both of tetradecane and Et20 (80% tetradecane and 20% ethanol blend fuel) combustion simulations.
(3) In the case of using modified KIVA-3V code, the amount of soot mass existing in the duration of combustion decreases in comparing the case of using original KIVA-3V code because computational cells with high equivalence ratio are reduced by dispersing fuel mass in both tetradecane and Et20 combustion.
